Abstract We present the first systematic investigation of the polar cap boundary in Saturn's high-latitude magnetosphere through a multi-instrument assessment of various Cassini in situ data sets gathered between 2006 and 2009. We identify 48 polar cap crossings where the polar cap boundary can be clearly observed in the step in upper cutoff of auroral hiss emissions from the plasma wave data, a sudden increase in electron density, an anisotropy of energetic electrons along the magnetic field, and an increase in incidence of higher-energy electrons from the low-energy electron spectrometer measurements as we move equatorward from the pole. We determine the average level of coincidence of the polar cap boundary identified in the various in situ data sets to be 0.34°± 0.05°colatitude. The average location of the boundary in the southern (northern) hemisphere is found to be at 15.6°(13.3°) colatitude. In both hemispheres we identify a consistent equatorward offset between the poleward edge of the auroral upward directed field-aligned current region of~1.5-1.8°colatitude to the corresponding polar cap boundary. We identify atypical observations in the boundary region, including observations of approximately hourly periodicities in the auroral hiss emissions close to the pole. We suggest that the position of the southern polar cap boundary is somewhat ordered by the southern planetary period oscillation phase but that it cannot account for the boundary's full latitudinal variability. We find no clear evidence of any ordering of the northern polar cap boundary location with the northern planetary period magnetic field oscillation phase.
Introduction
The question of whether the rapidly rotating gas giant magnetospheres of Jupiter and Saturn are magnetically "open" to the solar wind has been a matter of some debate since the first spacecraft visited them in the 1970s. In rotation-dominated magnetospheres, the Dungey cycle-driven magnetosphere picture which dominates the terrestrial system [Dungey, 1961] is assumed to be less important, and an alternative internally driven process (involving no open magnetic field lines) known as the Vasyliunas cycle, originally proposed for Jupiter by Vasyliunas [1983] , is suggested to be the mechanism which transports the main bulk of internally generated plasma mass out of the system via plasmoid ejection down the magnetotail. To date, there has been no systematic study of the "open-closed field line boundary" at either Jupiter or Saturn, and until the NASA Juno spacecraft arrives at Jupiter in mid-2016, there will be no in situ high-latitude observations available at that planet.
In the Earth's magnetosphere, however, the concept of the open-closed field line boundary or "polar cap boundary" is well understood and has been studied using a variety of instrumental techniques. As the Earth's magnetosphere is strongly driven by the solar wind interaction, determination of the open-closed field line boundary latitudinal motion provides information on the balance of dayside and nightside magnetic reconnection in the system (as described by Siscoe and Huang [1985] and Lockwood [1992, 1996] ). A variety of proxies can be used to determine the location of the open-closed field line boundary including the identification of: a cutoff in high-energy (few keV) electron precipitation associated with a trapped population on closed field lines [Evans and Stone, 1972] ; a nightside ionosphere boundary between diffuse and discrete auroral emission [e.g., Milan et al., 2003] ; a boundary in the spectral width echoes from high-frequency, coherent scatter radars such as Super Dual Auroral Radar Network [e.g., Chisham et al., 2004] ; elevated electron temperatures within the auroral oval using the European Incoherent Scatter radar facility [e.g., Hubert et al., 2010] . Wild et al. [2004] caution, however, that care is taken in the use of these approaches as they do not appear to be applicable at all magnetic local times, or across multiple wavelengths (in the case of the auroral imaging). In addition, Clausen et al. [2013] have determined that the maximum Region 1 current (i.e., upward directed field-aligned current) as determined by Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) is colocated to within 1°of the particle precipitation polar cap boundary determined from Defense Meteorological Satellite Program (DMSP) at all magnetic local times. As such the Region 1 current system acts as a reliable proxy for the open-closed field line boundary at Earth.
At Saturn, the NASA/European Space Agency/Agenzia Spaziale Italiana Cassini spacecraft has been gathering data for~10 years, including significant intervals when the spacecraft trajectory is inclined to the equator, allowing high-latitude magnetosphere observations. The first high-latitude phase was between mid-2006 to mid-2007, the second phase in 2008 and early 2009, and the third phase in early 2013. Key observations have been made of the auroral field-aligned current systems and associated plasma boundaries by various individual or dual in situ data sets [e.g., Bunce et al., 2008a; Talboys et al., 2009a Talboys et al., , 2009b Talboys et al., , 2011 Schippers et al., 2012] . Additional knowledge of the open-closed field line boundary has been inferred from auroral imaging studies [e.g., Badman et al., 2005] .
The open-closed field line boundary is a strict and definite division between open and closed field lines. The question is to what extent, or with what certainty, this can be identified in the data. There is a set of signatures indicative of a high-latitude boundary that we will call the polar cap boundary, but we note that some interior flux might be extended closed flux that cannot be distinguished experimentally from open flux (see discussion by Bunce et al. [2014] ).
Prior to Cassini's arrival at Saturn, Cowley et al. [2004] proposed a model to describe the large-scale flows and currents in Saturn's magnetosphere. This model involves a combination of (a) the effects due to plasma mass loading and subcorotation [Hill, 1979] , (b) mass loss processes associated with plasmoid ejection down tail, as first discussed for Jupiter by Vasyliunas [1983] , and (c) a modified Dungey cycle process involving reconnection at the magnetopause and in the tail. The Cowley et al. [2004] theoretical model suggested a nonmonotonic angular velocity profile (based on V-1 and V-2 data) that with increasing distance first fell from rigid corotation, then rose again in the outer magnetosphere, and then fell again tõ 30% precipitately at the open-closed field line boundary, and remained at that in the polar cap. Within the polar cap region, Cowley et al. [2004] suggested that the plasma flow consists of a slow~200 m s
À1
antisunward motion driven by the solar wind, combined with a strongly subcorotational circulation (at~30% of rigid corotation) driven by the atmospheric torque, which tends to twist the tail lobe flux tubes [Isbell et al., 1984] . Stallard et al. [2004] conducted measurements of Saturn's ionospheric flows using ground-based measurements of infrared emissions which broadly agree with a slow rotation of Saturn's polar regions and are thus consistent with the interpretation that the polar cap is open to the solar wind antisunward flow, combined with planetary rotation.
Hence, with a constant conductivity, there are two principle regions of upward field-aligned current, and in the model, the upward directed field-aligned current was stronger/sharper at the open-closed field line boundary. The field-aligned current producing the main oval discussed by Cowley et al. [2004 Cowley et al. [ , 2008 is associated with a strong lagging azimuthal magnetic field on open polar cap field lines which drops sharply to smaller values on "closed" field lines as the plasma angular velocity rises toward corotation across the boundary. Cowley et al. [2004] predicted that an intense layer of upward directed field-aligned current, associated with the change in plasma angular velocity, occurs at the open-closed field line boundary typically located at~15°colatitude. the plasma angular velocity which consists of a simple monotonic decrease from rigid corotation to 30% of corotation at the open-closed field line boundary. In the absence of further new information about the rotation in the polar cap itself, it is also assumed to subcorotate at~30% of rigid corotation (as per the Stallard et al. [2004] results discussed above). Therefore, assuming a constant conductivity in the ionosphere, this work indicates a single sheet of field-aligned current just equatorward of the open-closed field line boundary (quite similar to that proposed by Cowley et al. [2004] ). However, it is proposed by Hunt et al. (submitted manuscript, 2014) that the most significant difference in the field-aligned current profile in the ionosphere is associated with changes in the conductivity with latitude.
Notwithstanding the precise details of the angular velocity profile as function of radial distance/ionospheric colatitude, for an equatorial region of plasma subcorotation, leading to a lagging field configuration, where the angular velocity of the neutral upper atmosphere in the Pederson layer, Ω* S > the angular velocity of a particular shell of field lines, ω, the ionospheric electric field in the neutral atmosphere rest frame, and hence, the ionospheric Pedersen current is directed equatorward (taken positive) in both hemispheres. The associated field-aligned currents are then directed upward out of the ionosphere at the inner edge and downward into the ionosphere at the outer edge of the plasma subcorotation regime. The closure currents in the magnetosphere are directed approximately radially outward. The azimuthal magnetic field, B φ , is given by Ampère's law in the region between the ionosphere and the magnetospheric closure current as
and is positive in the southern hemisphere and negative in the northern hemisphere. In this equation ρ is the perpendicular distance from the axis of symmetry, I P is the ionospheric Pedersen current per radian of azimuth flowing at the footprint of the magnetic field lines considered, and μ o is the vacuum permeability. Should some dynamical process cause supercorotation, where Ω* S < ω, the field perturbation would reverse into a leading configuration, with B φ positive in the northern hemisphere and negative in the south.
The highly inclined orbits of the Cassini mission have provided the first opportunity to study Saturn's highlatitude magnetosphere through in situ measurements of the field-aligned current systems [e.g., Bunce et al., 2008a; Talboys et al., 2009a Talboys et al., , 2009b Talboys et al., , 2011 . Talboys et al. [2009b] have categorized the direct signatures of auroral field-aligned currents from magnetic field data in Saturn's nightside magnetosphere during 40 orbits in 2008. They identified two types of field-aligned current morphologies associated with a combination of leading and lagging field configurations. "Type 1" azimuthal perturbation field signatures are consistent with that of a lagging field configuration. These were seen in~65% of the periapsis passes surveyed and were detected by Cassini as a downward-upward directed field-aligned current pair in both the northern and southern hemispheres as the spacecraft moved equatorward from the open polar cap region. "Type 2" were observed~25% of the time and exhibited signatures consistent with both leading and lagging field configurations. The Type 2 signatures consist of an upward directed field-aligned current region, bordered by two regions of downward current. Talboys et al. [2011] presented a statistical study of the characteristics of field-aligned currents in the nightside magnetosphere and also identified the open-closed field line boundary using data from the Cassini Plasma Spectrometer electron spectrometer (CAPS/ELS). They found that the upward directed field-aligned currents associated with the aurora are typically located within the outer magnetosphere on closed field lines rather than at the boundary itself as suggested by the Cowley et al. [2004] model. However, Bunce et al. [2008a] showed that, in a near-noon example from 2007, the upward directed field-aligned current lies near to the open-closed field line boundary and that this mapped directly to the auroral oval imaged near-simultaneously by the Hubble Space Telescope (HST). Gurnett et al. [2010] have also identified indications of the open-closed field line boundary in auroral hiss emissions observed in the Cassini Radio and Plasma Wave Science (RPWS) instrument data, and in low-energy electron density data derived from the RPWS Langmuir Probe (LP) observations (the LP proxy method is fully explained in Morooka et al. [2009] and further discussed below). They reported the existence of a "plasmapause-like density boundary" at high latitudes in Saturn's magnetosphere. The first indication of this density boundary at Saturn came from observations of auroral hiss, which is a whistler mode emission frequently observed in Earth's polar regions [e.g., Gurnett, 1966; Persoon et al., 1988; Kasahara et al., 1995] . Auroral hiss is also present in Saturn's magnetosphere, usually up to~100 Hz, generated by upward moving field-aligned electron beams [Kopf et al., 2010] . The emission exhibits an upper cutoff frequency at the electron plasma frequency [Kopf et al., 2010] , and hence, the local electron Gurnett et al. [2010] showed that an upward step in the cutoff frequency corresponds to an upward step in the electron density in the RPWS/LP data, as Cassini moved equatorward through the density boundary.
To identify the open-closed field line boundary in relation to the plasmapause-like density boundary, Gurnett et al. [2010] examined the anisotropy of energetic electrons measured by two telescopes of the Cassini Magnetospheric Imaging Instrument, specifically the Low Energy Magnetospheric Measurement System (MIMI/LEMMS). Due to spacecraft attitude during the interval studied by Gurnett et al. [2010] , Channels C5 (detecting 175-300 keV electrons) and E0 (detecting 110-365 keV electrons) of the LEMMS telescopes were oriented so that they detected~200 keV electrons traveling in opposite directions along magnetic field lines. In regions where the electron intensity is approximately the same in both LEMMS channels, the data are interpreted as an indication of closed magnetic field lines, i.e., a magnetically trapped electron population. Conversely, in regions where the intensity of electrons moving upward from the ionosphere, measured by channel C5, is significantly larger than the intensity of electrons moving downward toward the ionosphere, measured by channel E0, i.e., where no electrons are returning from magnetic mirror points in the opposite hemisphere, the data can reasonably be interpreted as an indication of open magnetic field lines.
In the cases of the northern and southern boundary crossings during Cassini's Revolution (Rev) 81 about Saturn, which are shown by Gurnett et al. [2010] , this open-closed field line boundary is seen to be coincident with the plasma density boundary, which suggests that the LP density boundary and the anisotropy in the LEMMS electron intensity channels can be used as proxies of the boundary location. Both the examples shown by Gurnett et al. [2010] identify the open-closed field line boundary at exactly the same location as those inferred by Talboys et al. [2011] using the CAPS/ELS electron data. Although identification of the boundary for these two examples seems to be in good agreement, further work is required to determine whether systematic agreement exists across the entire high-latitude data set.
As well as the basic colocation (or otherwise) of the polar cap boundary in the various data sets, we also wish to address the issue of the boundary latitudinal variation with time. This has been previously inferred from ultraviolet (UV) auroral observations of the southern hemisphere, while the Cassini spacecraft was en route and upstream of Saturn in the solar wind [Badman et al., 2005] . This study assumed that the poleward edge of the main UV emission was a proxy for the open-closed field line boundary, and investigated the latitude variation of the boundary as a function of the upstream solar wind conditions. It was proposed that the variation in the "reconnection voltage" available to Saturn's magnetosphere from the interplanetary magnetic field played a significant role in the amount of open flux present in Saturn's magnetosphere (indicated by the size of the polar cap), particularly during corotating interaction regions compressions of the magnetosphere. Evidence of solar wind-driven flux transport in Saturn's outer magnetosphere associated with bursty reconnection at the magnetopause [Badman et al., 2006 [Badman et al., , 2013 Radioti et al., 2011] also indicates that the location of the polar cap boundary is also likely to exhibit variation due to solar wind coupling effects. Unfortunately, during this interval we have no upstream solar wind monitor and thus cannot consider the solar wind influence on the location of the polar cap boundary.
Instead, here we aim to compare the location of the polar cap boundary with the phase of the "planetary period oscillations" (PPO) which have been found to dominate the dynamics of Saturn's magnetosphere, control the location of the UV and IR auroral oval, and modulate the Saturn Kilometric Radiation (SKR) and auroral hiss emissions [see Carbary and Mitchell, 2013, and references therein] . Both the SKR and in situ magnetic field data show evidence that the modulations have a different period in the northern hemisphere, compared to the south [Gurnett et al., 2009; Andrews et al., 2010; Lamy, 2011; Provan et al., 2011] .
Nichols et al. [2008] showed that the southern auroral oval oscillates with a period close to that of the "planetary period" magnetospheric phenomena via analysis of UV images of Saturn's aurora from the Hubble Space Telescope (HST). They suggested that the aurora-producing upward field-aligned current is modulated by the southern PPO phase, which was later supported by the analysis of Provan et al. [2009b] of the relation of the magnetic field oscillation phase to the auroral oval's oscillation. Gurnett et al. [2011] showed that the plasmapause-like density boundary at Saturn varies with a phase which matches the motion of the auroral oval, and therefore the PPO phase, of the relevant hemisphere. The morphological difference between the Type 1 and Type 2 field-aligned current systems measured by Talboys et al. [2009b] has been suggested to be related to the PPO phases [Bunce, 2012] .
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It is clear then that we need to deduce the relationship between the PPO phases and the associated largescale current system involving the auroral field-aligned currents [Bunce et al., 2008b; Talboys et al., 2009a Talboys et al., , 2009b , 2011] before we can fully comprehend the complexities and dynamics of Saturn's auroral region. Therefore, consideration is also required of the effect of the PPO on the polar cap boundary location.
Previous work discussed above has shown that one can identify the polar cap boundary from individual Cassini in situ data sets. For the first time here, then, we systematically investigate the location of the polar cap boundary in all of the available in situ data sets, for all of the high-latitude boundary region crossings between 2006 and 2009. For both hemispheres, we determine the level of coincidence between different instrument data sets and hence the average colatitude of the polar cap boundary. We also examine the relative location of the polar cap boundary to the aurora-producing upward field-aligned currents and investigate the relationship between the polar cap boundary location and the northern and southern PPO phases. Since all our observations are nightside and made close to Saturn equinox, we discount local time effects and do not expect any seasonal variation dependence on the polar cap boundary between the northern and southern hemispheres.
Multi-instrument Assessment of the Polar Cap Boundary
From Cassini's~70 high-latitude orbits from mid-2006 to early 2009, we identify 48 polar cap boundary crossings where the boundary can be simultaneously identified in auroral hiss from the RPWS electric field data, the density data from the RPWS/LP, and the CAPS/ELS data. We find that 22 of these crossings are in the northern hemisphere and 26 are in the southern hemisphere. CAPS densities are sometimes available, but the LP data provides a reasonable proxy, and the ELS spectrograms give much more information to help deduce the location of the spacecraft in the polar cap; see, for example, Bunce et al. [2008a] and Jasinski et al.
[2014]. We find that clear transitions (like those shown in Figure 2a ) through the northern and southern boundary regions cannot be observed in the remaining high-latitude orbits (constituting~50 further polar cap boundary crossings in both hemispheres) because, in some cases, the characteristic step up in the frequency of the auroral hiss in the RPWS instrument data is not clear enough to allow for identification of the boundary in that data set. In those cases, the typical V-shaped auroral hiss features associated with upward propagating whistler mode emission from the auroral regions are obscured by more burst-like low-frequency emissions, not unlike that of terrestrial auroral hiss [Kopf et al., 2010] .
In 32 of the 48 cases used in this study (15 in the northern hemisphere and 17 in the southern hemisphere), we are also able to observe the polar cap boundary in the ratio of electron intensities from the MIMI/LEMMS telescopes. We do not have LEMMS data for every case in this study because a clear observation of the boundary in the LEMMS telescopes requires that the spacecraft's attitude is such that the instrument channels are appropriately orientated with respect to the magnetic field lines during the period when Cassini crossed through the boundary region, which is not always the case for the polar cap boundary crossings during the high-latitude orbits. For each interval, we have considered the range of pitch angle coverage; we do not include cases where the pitch angles of the LEMMS channels are close to 90°(~75-105°) in the boundary crossing region. We also consider the clarity of the boundary signature in the line intensity plots; even if the pitch angle coverage is good, the boundary is not always clear (e.g., some suffer from elevated backgrounds from sunlight contamination and are therefore not definitive about open field). In this study we use channels E0 and E0* to identify the boundary in our 32 relevant cases. E0* is a linear combination of three C channels, summing to an energy range equal to that detected by channel E0, i.e., 110 to 365 keV. This allows for the most accurate identification of the polar cap boundary in the anisotropy of the electron intensities at these energies. We now present some examples of the polar cap boundary crossings considered in this study. Figure 1 shows the spacecraft trajectory from one of the orbits from 2008, corresponding to Cassini revolution (Rev) 62, for days 81-85 inclusive. Figure 1a shows the orbit of Cassini projected onto the X-Y equatorial plane, while Figure 1b shows the orbit projected onto the X-Z meridional plane, in a coordinate system where the Z axis is aligned with the Saturn's rotation axis, and the X-Z plane contains the Sun. The trajectory is shown as a solid line marked with dots at the start of each "day of year" (DOY). On day 83 (part of which is highlighted in green), as Cassini underwent its periapsis pass on the nightside of the planet, the spacecraft crossed from high northern latitudes in the premidnight sector to high southern latitudes in the , the connected asterisks indicate the locations of the centroid maxima in auroral intensity colatitude profiles, and the solid lines poleward and equatorward of these maxima represent the full width at half maximum boundaries [Carbary, 2012] . Overall, the Cassini ionospheric footprint shows that the spacecraft made rapid traversals of the nightside auroral regions both inbound and outbound. The orbits throughout the high-latitude phase were broadly similar to Rev 62, where Cassini crossed the polar cap boundary in both hemispheres, within approximately half a planetary rotation and at similar nightside local times.
Typical Observations of the Polar Cap Boundary at High Latitudes
In Figure 2a we green in Figures 1a and 1b . Figure 2ai shows RPWS electric field data, where auroral hiss can be seen up tõ 100 Hz and SKR above a few hundred kHz. At~0400 UT and~1430 UT, clear examples of Saturnian auroral hiss with the characteristic upper cutoff near the electron plasma frequency can be seen as the spacecraft traverses through the polar cap boundaries. Figure 2aii shows measurements of CAPS/ELS thermal electrons in the energy range 0.5 eV to 28 keV (from CAPS/ELS anode 5). Weak fluxes of cool 10-100 eV electrons, excluding spacecraft photoelectrons, are presumed to be of magnetosheath origin. At the start of the interval (on DOY 83), the spacecraft was located at high latitudes in the northern hemisphere, where an absence of electrons above a few tens of eV can be observed in the ELS spectrogram. At~0400 UT, we observe a transition of the electron population through a magnetosheathlike region (10-100 eV plasma electrons) to warm electrons (100-10,000 eV) characteristic of the outer magnetosphere, i.e., on closed field lines. At~1430 UT, in the southern hemisphere, we observe a sharper transition of a warm electron population, through the magnetosheath region, into the polar cap region "void" of warm electrons. Figure 2aiii shows the three components of the magnetic field in spherical polar coordinates referenced to the planet's spin and magnetic axis from which the Cassini SOI model of the planetary field have been subtracted [Dougherty et al., 2005] ; B r , B θ , and B φ measured in units of nT. The radial and colatitude components reflect mainly the effect of the ring current. From the azimuthal component of the field, the Pedersen current I P measured in MA rad À1 (Figure 2aiv ) can be determined through application of equation (1) [2012] ). Therefore, the direction of the field-aligned currents can be identified from the latitude gradient of I P , with the upward field-aligned currents outlined on Figure 2aiv by purple dashed lines and labelled as FAC. Figure 2av shows the proxy electron density derived from the RPWS/LP measured in cm À3 . At~0400 UT there is an observable step up in electron density from 10 À3 cm À3 in the polar cap to~1 cm À3 in the closed outer magnetosphere. At~1430 UT there is a similar, but sharper, step down back to polar cap densities. Morooka et al. [2009] explain their method of using the floating potential of the LP (U float ) as a proxy to evaluate the local electron number density (when the ambient density falls below~5 cm À3 ). They calibrated U float using CAPS/ELS data obtained during Cassini Saturn Orbit Insertion (SOI) and correct their LP density estimate for spacecraft attitude using an empirical function. Figure 2avi shows the upward (channel E0*) and downward (channel E0) field-aligned electron intensities from LEMMS measured in cm À2 sr À1 s À1 keV À1 . Where the two intensities equate (between~0400 UT and~1430 UT), it is indicative of a magnetically trapped electron population, i.e., on closed field lines. Figure 2avii shows the cosine of the magnetosphere planetary period oscillation phase of Figure 2ai shows RPWS electric field data over frequency range 0-2 MHz, where auroral hiss can be observed up to~100 Hz, and SKR emission above a few hundred kHz. Figure 2aii shows a CAPS/ELS color-coded electron spectrogram of energy range 0-30 keV. Figure 2aiii shows the three components of the magnetic field in spherical polar coordinates; B r , B θ , and B φ (nT). Figure 2aiv shows the meridional ionospheric Pedersen current measured in MA rad
À1
. The regions of upward field-aligned current are outlined by purple dashed lines and labelled as "FAC." Figure 2av shows the electron density measured by the RPWS Langmuir Probe (cm
À3
). Figure 2avi shows the 110-365 keV upward (channel E0*) and downward (channel E0) field-aligned electron intensities measured by LEMMS (cm
). Figure 2avii shows the cosine of the planetary period oscillation (PPO) phase for each hemisphere calculated using the phase model of the preequinox southern summer planetary period magnetic field oscillations presented by Andrews et al. [2012] . Figure 2aviii shows the ionospheric colatitude of the spacecraft mapped to the relevant hemisphere. The green dashed lines indicate the typical location of the poleward and equatorward edges of the aurora varying with planetary period magnetic field oscillation phase with a 2.2°colatitude amplitude. Figure 2d highlight the downward field-aligned current region and mark where we observe periodic peaks in the frequency of auroral hiss emissions (in the first panel) simultaneously with perturbations in the B θ and B φ components of the magnetic field (in the third panel).
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the relevant hemisphere, calculated using the phase model of the preequinox southern summer planetary period magnetic field oscillations presented by Andrews et al. [2012] . Finally, Figure 2aviii shows the ionospheric colatitude for the relevant hemisphere. Spacecraft position is shown at the bottom of the plot, specifically distance from Saturn (in R S ), latitude, and local time.
The green dashed lines in Figure 2aviii indicate the typical location of the poleward and equatorward edges of the auroral oval (13.9°and 16.3°, respectively) varying with the PPO phase of the relevant hemisphere with an~2.2°colatitude amplitude. The latter amplitude is based upon the work by Nichols et al. [2008] who presented analysis of UV auroral images from the Hubble Space Telescope (HST) showing that the center of the southern auroral oval oscillates close to the period of the PPO. Nichols et al. [2008] described the motion of the center of the southern oval as an elongated ellipse along the prenoon to premidnight direction, of semimajor axis~1.4°colatitude for aurora observed during January 2007 and~2.2°for February 2008 suggested that these oscillations are due to the presence of a rotating external current system, similar to that discussed by Provan et al. [2009b] .
As we read the plot from left to right, the first black vertical line in Figure 2a marks where the northern polar cap boundary is observed in the CAPS/ELS electron data at 0332 UT, and then~0.6°colatitude farther equatorward of that location (~26 min UT later), the boundary is observed simultaneously in both the cutoff in the RPWS auroral hiss and in the anisotropy of the E0 and E0* MIMI/LEMMS electron intensities (i.e., where the black and red LEMMS observations become equal, indicating equivalence in downward and upward directed electrons, respectively), indicated by the second vertical black line. A gradual step up in electron density is observed in Figure 2av over the boundary region encompassed by the two vertical lines. The polar cap boundary in the northern hemisphere on Rev 62 then is centered on 13.6°colatitude between the two distinct location identifications measured, first by CAPS/ELS 0.6°poleward of the simultaneous measurement by MIMI/LEMMS and RPWS auroral hiss.
In the southern hemisphere, the identification of the polar cap boundary is marked by the third black vertical line in Figure 2a at 1431 UT and is seen to be concurrently observed in the RPWS auroral hiss, the CAPS/ELS electron data and the MIMI/LEMMS electron channels and observed by a sharp step down in electron density. In the southern hemisphere in this example, the polar cap boundary resides at 17.9°southern colatitude in all indicators. Typical boundary crossings like those in the northern and southern crossings of Rev 62 were observed during ∼90% of the 48 identified polar cap crossings. Further discussion of the polar cap boundary colocation (or otherwise) between the in situ data sets will be given in section 3, along with an evaluation of their relationship to the auroral field-aligned currents and the PPO phases.
Unusual Observations of the Polar Cap Boundary at High Latitudes
In most cases studied here the polar cap boundary crossings are clear like the "typical" case Rev 62 shown in Figure 2a . However, in a minority of cases (5 of the 48) we observed some interesting features in the various data sets, which led us to categorize them as unusual. Among these unusual examples is the singular case of the northern polar cap boundary crossing near dusk during Rev 86 where we see an electron population located poleward of the polar cap boundary extending up to 5°colatitude in the CAPS/ELS data. Figure 2b shows the multi-instrument data for the northern boundary crossing during Rev 86 (between 1330 UT and 2230 UT during 2008 DOY 268). We suggest that the data here indicate that Cassini skirted the polar cap boundary, remaining close to it for most of this interval, but without making a very rapid crossing. The spacecraft may be skirting the boundary due to a small motion of the boundary associated with the planetary period oscillation phase, as seen in Rev 99 by Bunce et al. [2014] . Black lines mark where we have identified the polar cap boundary (PCB) in the various data sets where the spacecraft appears to definitively move onto closed field lines. Interestingly in this example, at~2000 UT, we observe a colder population of electrons in the CAPS/ELS spectrogram that could be related to a cusp population, as described by Jasinski et al. [2014] .
The multi-instrument data for the southern boundary crossing during Rev 81 (between 0600 UT and 1500 UT during 2008 DOY 232) shown in Figure 2c , typifies a distinct category of unusual polar cap boundary crossings that are included in this study. In this case Cassini appears to make multiple separate transitions from high to low density as it moves poleward, as can also be seen in the LP data. and 59, and in two boundary crossings in the southern hemisphere passes of Revs 81 and 86. In these cases, we mark (solid black line) the polar cap boundary at the poleward edge of the multiple crossings, i.e., the last exit into the polar cap proper in each case. The dashed black lines equatorward of this indicate the possible earlier crossings in this example, discussed above. During the Rev 81 example (shown in Figure 2c ), a region of high-intensity upward directed electrons is also observed poleward of the boundary in the polar cap region in the E0* electron intensity channel from LEMMS. These examples of multiple crossings are likely to be associated with short timescale polar cap boundary dynamics. Given that the local time of these observations is close to midnight, it may be associated with magnetotail dynamics [e.g., Jackman et al., 2011] .
In addition to the~10.8 h planetary period modulation seen in both the high-frequency SKR emission and auroral hiss emission, we have also found many examples of approximately hourly periodicities in the B θ and B φ components of the magnetic field and in the auroral hiss emissions poleward of the polar cap boundary. Such variations are found in~50% of the boundary regions studied. An example of these approximately hourly periodicities can be seen in the multi-instrument data for the northern boundary crossing during Rev 67 (between 1200 UT and 2100 UT during 2008 DOY 130) in Figure 2d . The solid black line marks the polar cap boundary (PCB) in the various data sets. The dashed black lines highlight the generally downward fieldaligned current region (evidence by the consistently increasing Pedersen current as the spacecraft moves toward the equator) and mark where we observe approximately hourly periodic peaks in the frequency of auroral hiss emissions (in the first panel) simultaneously with associated perturbations mainly in the B θ and B φ components of the magnetic field (in the third panel). Mitchell et al. [2009] reported on similar period pulses of particle acceleration events, which were consistently observed in various Cassini data sets, including electrostatic noise seen in the RPWS data. Mitchell et al. [2009] attribute these pulsed events to transient downward field-aligned current structures and pulses of whistler mode noise. They note that this type of emission is always observed close to bright, upward current regions in the auroral zone at Earth. Badman et al. [2012] suggested that pulsed events of field-aligned ion beams with a modulation of~1 h may be related to pulsed reconnection. Badman et al. [2012] and Bunce et al. [2014] noted that these approximately hourly pulsed events are observed in the downward FAC regions only, which is consistent with our study. We highlight this as an interesting topic for future study but pursue it no further in this paper as it does not directly affect the identification of the polar cap boundary.
Results
Polar Cap Boundary and Field-Aligned Current Locations
The 0.6°colatitude difference between the polar cap boundary signature in the CAPS/ELS data and the simultaneous LEMMS and RPWS signatures, found in the Rev 62 northern hemisphere boundary crossing in Figure 2a , is larger than the average value from our 48 examples. The average value is found to be 0.34°± 0.05°. In~50% of cases the polar cap boundary was identified at the same colatitude in all data sets within error (i.e., ± 0.05°colatitude). In all cases the boundary was observed simultaneously to within 2.7°± 0.05°c olatitude. We then take the center of each determined polar cap boundary region to be the middle point between the maximum and the minimum colatitudes of individual boundaries in each hemisphere. The center point and width of the upward field-aligned current region was also recorded in each case and compared to the associated polar cap boundary. The average poleward edge location of the upward current could then be directly compared to the average location of the polar cap boundary to infer the average separation of the main auroral oval (poleward edge) and the polar cap boundary. Figure 3 shows the location of all 48 of (a) the northern and (b) the southern polar cap boundaries (PCBs) observed in the RPWS auroral hiss emission (circles), CAPS/ELS electrons (plus symbols), and in the anisotropy of the MIMI/LEMMS channels (cross symbols) for each boundary crossing included in the study. Figure 3 illustrates that in most cases (~50%), the polar cap boundary was identified at the same colatitude in all three data sets. In the cases where the polar cap boundary was not observed simultaneously in all three data sets, the boundary was generally observed first in CAPS/ELS and second in auroral hiss when moving from high to low latitudes (low to high colatitudes). Figure 4 shows the southern colatitude of the center of the polar cap boundary (dark grey circles) and the region of the upward field-aligned current (grey bars) for each polar cap boundary (PCB) crossing included in the study. It can immediately be seen from Figure 4 that the polar cap boundary is not observed at a
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constant colatitude and that the boundary and upward field-aligned current (FAC) region are not colocated, which is in agreement with the conclusion of Talboys et al. [2011] that the polar cap boundary from the CAPS/ELS measurements is consistently poleward of the upward field-aligned current region inferred from the magnetic field measurements. The average location of the polar cap boundary in the south, as marked in Figure 4 by a solid horizontal line, is at 15.6°colatitude. The range of colatitudes in the southern hemisphere is 5.9°, with the most poleward example seen at 12.6°colatitude and the most equatorward recording at 18.5°colatitude. The displacement between the polar cap boundary and the poleward edge of the upward current region varies between 0.2°and 5.3°colatitude in the southern hemisphere data. The average equatorward displacement of the poleward edge of the upward fieldaligned current region from the polar cap boundary is 1.5°colatitude in the southern data. The average position of the poleward edge of the upward current region of 17.1°colatitude is marked in Figure 4 by a dashed horizontal line. Figure 5 shows the equivalent plot for the northern boundary and field-aligned current locations in the same format as Figure 4 . Again, it can be seen that the polar cap boundary is not observed at a constant value of colatitude in the northern hemisphere. The average location of the boundary in the north is at 13.3°colatitude as marked in Figure 5 by a solid horizontal line, the most poleward point is at 10.0°colatitude, and the most equatorward point is at 15.6°colatitude (and thus a range of 5.6°, similar to the variation in the southern hemisphere). The displacement between the polar cap boundary and the poleward edge of the upward current region varies between 0.3°and 6.2°colatitude in the northern data. The average equatorward displacement of the poleward edge of the upward field-aligned current region from the polar cap boundary is 1.8°colatitude in the northern data. The average position of the poleward edge of the upward current region of 15.1°colatitude is marked in Figure 5 by a dashed horizontal line.
Planetary Period Magnetic Field Oscillation Phase Dependence of the Boundary
To assess if the polar cap boundary locations shows any dependence on the southern and northern PPO phase, we compare the colatitude positions from our 48 examples, separated into northern and southern cases, with a model of the phase of the planetary period oscillations according to the work of Andrews et al. [2012] . In Figure 6 we show the southern hemisphere polar cap boundary (PCB) locations (in colatitude) versus the southern planetary period oscillation phase. To emphasize the continuity of the data, three cycles of a phase are shown across the plot, such that each point is plotted 3 times. If the location of the southern polar cap boundary crossings varied solely as a function of the southern PPO phase, Figure 6 would likely display a clear periodic relationship, e.g., a sinusoid with an amplitude of~2°colatitude according to the UV aurora study by Nichols et al. [2008] about the mean location (i.e., 15.6°southern colatitude found in section 3.1 above). However, no such relationship is obviously apparent. Therefore, we have binned the data into four groups of southern PPO phase centered about 0°, 90°, 180°, and 270°and averaged the colatitude of the polar cap boundary within each bin. This gives an indication of the possible ordering of the polar cap boundary position with phase. The mean southern colatitude of each "bin" of phase is shown in Figure 6 . There is some indication here of a structured variation of the colatitude of the polar cap boundary, which is consistent with a sinusoidal variation (shown in Figure 6 ). However, a sinusoidal regression fit of the southern data has proved to be statistically insignificant. We therefore conclude that the data indicate that the location of the polar cap boundary is not exclusively ordered by the PPO phase in the southern hemisphere, and there must be other contributing factors. It therefore seems likely that the location of Saturn's polar cap boundary is associated with a combination of the PPO phase together with other processes, for example, reconnection-driven processes associated with the solar wind interaction, as suggested by Badman et al. [2005 Badman et al. [ , 2006 Badman et al. [ , 2013 and Radioti et al. [2011 Radioti et al. [ , 2013 . Figure 7 , in the same format as Figure 6 , shows the northern PPO phase [Andrews et al., 2012] versus the polar cap boundary locations observed in the northern hemisphere. There is less evidence of any ordering of the northern polar cap boundary locations with the northern PPO phase than there is in the southern data. However, we have binned the data into four groups of southern PPO phase centered about 0°, 90°, 180°, and 270°and averaged the colatitude of the polar cap boundary over each bin. This indicates that there is some ordering of the polar cap boundary position with phase. In recent studies [e.g., Provan et al., 2009a] , oscillations in the equatorial region have been found to be dominated by the southern period in the preequinox southern summer. Ordering our northern polar cap boundary colatitudes by the southern PPO phase has also shown no clear relationship. We suggest that the southern data are ordered by the southern period alone to some degree but that the northern data are influenced by a mixture of northern and southern PPO phase. This is likely to explain why a relationship with the oscillation phase in the northern data is even less clear than in the southern data.
Summary and Discussion
Here we have presented the first systematic investigation of the polar cap boundary in various in situ data sets for all the high-latitude boundary region crossings between 2006 and 2009. We have identified 48 polar cap crossings where the polar cap boundary can be observed in auroral hiss from the RPWS electric field data, the density data from the RPWS/LP, and the CAPS/ELS electron spectrograms. In 32 of our 48 cases, we also observe the polar cap boundary in the ratio of electron intensities from the LEMMS channels. In 5 of the 48 boundary crossings included in this study, we observed some unusual features in the various data sets including multiple crossings of the boundary, hot poleward electrons, and high-intensity upward flowing electrons observed just beyond the boundary in the E0* LEMMS channel. We have also observed approximately hourly periodicities in the auroral hiss in~50% of the 48 boundary regions studied, comparable to those reported by Mitchell et al. [2009] .
We have determined the level of coincidence of the polar cap boundary between the various in situ data sets to be 0.34°± 0.05°colatitude. In 25 (~50%) of cases the polar cap boundary was identified at the same colatitude in all data sets within error (i.e., ± 0.05°colatitude), at least across the range of local times studied here. As noted in the context of the Earth, the agreement between different proxies for the boundary can vary with magnetic local time [e.g., Wild et al., 2004] . The average location of the boundary in the southern hemisphere was found to be at 15.6°southern colatitude, with the average displacement of the poleward edge of the upward current region~1.5°colatitude equatorward in the southern hemisphere data. The average location of the boundary in the northern hemisphere was found to be at 13.3°colatitude, with the average location of the poleward edge of the upward current region~1.8°colatitude equatorward of the average northern boundary location. This is unlike the situation at Earth [e.g., Clausen et al., 2013] . They find that the upward directed Region 1 currents associated with the solar wind driving of the Earth's magnetosphere are in good agreement with the open-closed field line boundary determined from the cutoff in particle precipitation measured by the DMSP spacecraft.
We find the mean location of the poleward edge of the upward current region in the northern hemisphere to be at 15.1°± 0.2°colatitude and the mean location of the poleward edge of the upward current region in the southern hemisphere to be at 17.1°± 0.3°colatitude. We also find that the average width of the upward current region is~2°colatitude in both hemispheres. Carbary [2012] presented analysis of UVIS images from 2007 to 2009 where the mean location of the peak intensity in auroral colatitude profiles of the northern and southern aurora were 15.1°± 1.0°colatitude and 15.9°± 1.9°colatitude, respectively, and the mean poleward aurora boundaries (determined from the half-maxima points) were~2°poleward of the mean maxima in each hemisphere. They noted that in the UV auroral emissions, particularly the auroral equatorward boundaries, a shift is seen toward the pole around noon. Since more than 90% of the upward field-aligned currents measured in this study presented here were observed at local times close to midnight, these in situ results are not inconsistent with a nightside equatorward shift of the aurora. From images from Cassini's visual and infrared mapping spectrometer taken between 2006 , Badman et al. [2011 determined that Saturn's infrared northern aurora had a nearly circular shape with an average radius of 16.4°colatitude, centered 1.6°toward midnight, which is also consistent with results presented here.
There is some indication that the southern polar cap boundary is ordered by the southern PPO phase, but even if there was a variation of similar amplitude to the Nichols et al. [2008] variation, it is very noisy and no statistically significant variation emerges. There is no clear evidence of any ordering of the northern polar cap boundary locations with the northern PPO phase such that we cannot confidently say that the PPO phase has any clear control of the motion of the polar cap boundary in the northern hemisphere during this interval of data. The significance of magnetic flux flow involving magnetic reconnection in magnetospheric dynamics at the outer planets has been questioned; e.g., Mauk et al. [2009] , Delamere and Bagenal [2013] , Desroche et al. [2013] , and Masters et al. [2012] proposed that conditions at Saturn's magnetopause are rarely favorable for permitting reconnection. However, there is some evidence of processes associated with magnetopause reconnection in various data sets [e.g., McAndrews et al., 2008; Badman et al., 2013; Radioti et al., 2011; Lai et al., 2012] . Therefore, we propose that in addition to any PPO-related motion of the polar cap boundary in this study, there is also motion associated with opening and closing of magnetic flux through the solar wind interaction with Saturn's magnetosphere.
Given 0.34°± 0.05°colatitude level of confidence in the coincidence of the boundary location in the various data sets, one instrument data set could now be used to identify the boundary with a known level of agreement. Since CAPS/ELS data are not available for Cassini's 2013/2014 high-latitude orbits, establishing the level of coincidence will be useful for identifying the polar cap boundary in future studies. Our study has shown that the region of upward field-aligned current associated with the aurora is clearly separated from the polar cap boundary in both hemispheres by~1.5-1.8°. This will have an impact on various related fields of study. For example, Badman et al.'s [2005] investigation of the flux in Saturn's open region used the poleward edge of ultraviolet aurora from 68 HST images from 2004 to identify the "open-closed" boundary, whereas we have discovered that the polar cap boundary is typically located 1.5-1.8°poleward of the aurora-producing currents. This difference would be equivalent to a difference of 20% (~8 GWb) in the amount of open flux typically present in Saturn's magnetosphere (for a polar cap boundary location of 15.6°colatitude), which would therefore need to be taken into consideration when estimating the open flux present in the magnetosphere from, e.g., auroral images.
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